Raindrop-induced crusting of mineral soils supporting wheat (Triticum aestivum L.) in the semiarid US Pacific Northwest reduces seedling establishment of late summer-seeded winter crops during dry, hot conditions. Canola (Brassica napus L.) integration is diversifying regional food, feed and fuel global markets. Subsequent shifts in recycled crop residue characteristics, including Si and crop fiber, may shift soil characteristics of traditional wheatdominated systems, potentially affecting their propensity to form soil crusts. In a greenhouse study, wheat and canola were fertilized with varying N rates. Increased N supply increased transpiration, shoot weight, and hemicellulose and cellulose yields, but with only minor increases in shoot Si and lignin yields. Both crops had similar increases in root Si with greater N-stimulated transpiration. Two subsequent soil incubations were conducted to determine how Si, N fertilization, and crop residues from wheat and canola affected soil properties. In the first incubation, Si was applied as aqueous H 4 SiO 4 , which increased soil amorphous and water-soluble Si (Si am and Si ws ), physical resistance, and crust thickness. Electron micrographs showed increased amorphous material, presumably a Si precipitate, on soil particles with increased Si application. Second, two Ritzville soils were treated with the canola or wheat shoot residues with and without N fertilizer. Nitrogen lowered soil pH, Si am , Si ws , surface resistance, and crust thickness; however, firsttime application of crop residue types had no short-term effect on these parameters. Any impacts of lower Si returned by lower Si crop residues on soil physical properties likely require several rotational cycles of Si crop uptake and residue returns.
Abstract
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Nitrogen Affects Wheat and Canola Silica Accumulation, Soil Silica Forms, and Crusting Taylor Beard, Tai Maaz, Kristy Borrelli, James Harsh, and William Pan* S oil crusting occurs in many semiarid agricultural regions, often causing crop production problems including impedance of seedling emergence that results in poor crop establishment (Schillinger, 2011; Feng et al., 2013) . These soils can temporally form thin, dense layers on the soil surface that are structurally cemented, resulting in increased soil strength.
Soil crusts may be biological, chemical, and physical in origin. The present research is focused on chemical-physical crusting formed by raindrop impact and subsequent drying. Important effects of a physical soil crust include reduced erodibility of medium-textured soils (Remley and Bradford, 1989; Feng et al., 2011) , but also reduced infiltration (Dao, 1993; Pikul and Zuzel, 1994; Lado et al., 2004) and enhancement of runoff (Clymans et al., 2011; Cornelis et al., 2011) , along with increased soil strength and interference with seedling emergence (USDA-NRCS, 1996) . Physical crusts can occur due to raindrop impact causing the breakdown of soil aggregates, and subsequent filling of soil pores with fine clay particles (Singer and Shainberg, 2004) . The small particles move into the upper few millimeters of the soil, where they are deposited in the voids. Subsequent drying of the soil surface results in the formation of a thin film, which acts as a sealant restricting water infiltration and movement of soil particles (Wakindiki and Ben-Hur, 2002) .
Silica (SiO 2 ) accumulation in B horizons has been linked to pan formation, causing increased mechanical resistance to roots, impaired drainage, and reduced plant growth and production (Brown and Mahler, 1987; Gollany et al., 2005) . Early recognition of wetting and drying, and soil pH effects of amorphous Si (Si am ) formation from soluble Si and subsequent pan formation were explored by Miller (1967) . Such accumulation is primarily controlled by polymerized SiO 2 deposition. Evaporation during warmer months and water uptake by plants helps promote precipitation of amorphous SiO 2 (Si am ) (Chadwick et al., 1987) , which forms when the concentration of aqueous silicic acid (H 4 SiO 4 ) exceeds 50 to 60 mg L −1 (Elgawhary and Lindsay, 1972) . The precipitated SiO 2 acts as a bridge between adsorbing soil components without significantly filling the pore space. This process is responsible for the hardness of siliceous pans (Chadwick et al., 1987) . Increased aqueous H 4 SiO 4 leaching with decreasing soil pH has been observed in multiple studies (Douglas et al., 1984; Brown and Mahler, 1987; Gollany et al., 2005) , yet crop residue returns will recycle Si to the soil surface.
Soil acidification is exacerbated by long-term use of NH 4 -based fertilizers, which have acidified surface soils since the introduction of synthetic fertilizers (Brown et al., 2008) . Within the Palouse region of the Pacific Northwest, soil pH in the top 25 cm is primarily affected by acidifying fertilizer type and application rate (Mahler and Harder, 1984) . Crop species differ widely in their ability to accumulate Si, with concentrations reaching macronutrient levels in grass (Gramineae) species (Epstein, 1994; Ma and Takahashi, 2002) . High shoot Si accumulation may be facilitated by active xylem-loading Si transporters (Mitani and Ma, 2005) . Depending on the type of crop residue, various amounts of Si can be cycled through the plant and back to the soil surface. The Si status of the surface soil depends on the degree of residue incorporation, the rate of residue decomposition, the rate and extent of phytolith dissolution, adsorption of Si by the soil, and environmental factors such as temperature, moisture, and soil properties (Wickramasinghe and Rowell, 2005) .
Wheat (Triticum aestivum L.) is the predominant crop in the Palouse region of the US Pacific Northwest, accumulating up to 10 times more Si than broadleaf crops like canola (Brassica napus L.) (Casey et al., 2004; Hodson et al., 2005) .Wheat and canola residues also differ in fiber characteristics (Stubbs et al., 2009) , which might also influence soil aggregation and crusting during the diversification of monoculture wheat to integrated wheatcanola systems. In the Pacific Northwest, many soils have high amounts of silt, lower amounts of clay, low aggregate stability, and low organic matter, which set up conditions conducive to soil crusting, particularly in wheat-based systems.
To decrease the surface-soil Si levels and the subsequent crusting that may be forming, it might be beneficial to diversify rotations with low Si crops, such as canola. Canola is a rotation crop in semiarid wheat systems that adds a high value oil and protein meal crop to small grain cereal rotations (Hammac et al., 2017) , as it diversifies production and marketing economics, and healthy food and biofuel production (Long et al., 2016; Maaz et al., 2017) .
Determination of the role of Si in soil strength has focused on illuvial subsoils, the role of Si soil-plant cycling effects on the surface soil physical structure of semiarid systems is less understood. Therefore the potential relationship among crop Si cycling, soil pH, soil Si levels, and surface crusting require more inquiry. The objectives of this research are: (i) to compare relative (a) Si uptake and partitioning of canola and wheat into roots and shoots, and (b) fiber components of shoot residues, as affected by N fertilization; (ii) to determine if long-term wheat rotation histories versus single additions of crop residues affect Si levels and soil crusting in a soil with observed soil crusting; (iii) to isolate the role of Si chemical additions in soil crust formation; and (iv) to evaluate how soil acidification by NH 4 fertilizers influences soil Si and surface crusting.
Materials and Methods

Greenhouse Experiment
Wheat and canola were grown in 1 kg (oven-dried equivalent) of a 50:50 mixture of soil acquired from the Palouse Conservation Field Station (Palouse [fine-silty, mixed, superactive, mesic pachic Ultic Haploxerolls]) and Sunshine Mix #2, with baseline 20 mg N kg −1 inorganic N. Fertilizer (NH 4 ) 2 SO 4 was applied at four different rates: 6 (control), 60 (low), 180 (medium), and 420 (high) mg N kg −1 . Fertilization was split into three applications at emergence, tillering, and stem elongation. Treatments were replicated five times. Nitrogen supply was calculated as the sum of fertilizer N and nonfertilizer available N, estimated for all treatments as postharvest plant N + postharvest soil N of the unfertilized control. Plants were thinned after emergence to three plants per pot. The bottom of each pot was sealed to prevent leaching. Pots were re-randomized and watered every 2 to 3 d with a measured amount of distilled water as needed. Pot weights and water amounts were recorded to maintain consistent moisture within treatments and monitor water use. Senesced canola leaves were collected throughout the course of the experiment, dried at 45°C, and kept in a room temperature oven until analysis. Mature plants were harvested at 94 d after planting and partitioned into grain, residue (straw + leaves), roots, and soil components in addition to the previously collected canola leaves. The plant tissues were dried at 45°C for 48 h and ground to a fine powder using a roller grinder. Plant samples were analyzed for fiber and silicon content.
Soil Incubation I: Silicon Additions
Soils from two different cropping histories were incubated for 28 d. Each sample contained 250 g of Ritzville (coarse-silty, mixed, superactive, mesic Calcidic Haploxerolls) series silt loam acquired from Ralston, WA (Table 1 ). This soil was chosen for its high silt and low clay and organic matter that are affiliated with crusting, and this soil has a documented field history of crusting (Feng et al., 2013) . The top 15 cm of soil was collected from two different fields. The first field had been cropped in a cereal rotation (winter wheat, summer fallow, spring wheat or barley [Hordeum vulgare L.]) for >50 yr and the second field in a canola, summer fallow, winter wheat rotation for ?29 yr. Both soils were air dried and sieved through a 2-mm sieve, and all residues were removed. A total of 84 samples from the wheat rotation and 84 samples from the canola rotation were prepared following this procedure. Four levels of an aqueous solution of H 4 SiO 4 were randomly applied to 21 samples of each soil: 0, 0.02, 0.2, and 2.0 g SiO 2 kg −1 soil. 1.4
1.4
Samples were placed in polyethylene containers, arranged in a completely randomized design, and stored in an incubator at 25°C. Every 3 d, samples were brought to field capacity (?23%) to simulate a wetting and drying cycle. Prior to watering, each sample was weighed to determine the amount of water loss between wetting cycles and to ensure that samples were all receiving the same amount of water. Destructive sampling occurred every 1, 3, 7, 10, 14, 21, and 28 d. Analyses included: surface resistance, water-soluble Si (Si ws ), Si am , crust thickness, and scanning electron microscope (SEM) imaging. For these experiments, Si ws is defined as the Si extracted at a 1:5 ratio of soil/water (Gollany et al., 2005) . Amorphous soil silica is operationally defined as the Si extracted by a 0.5 M Na 2 CO 3 solution (Follett et al., 1965) .
For this experiment, SEM imaging was conducted to identify soil Si and phytoliths on samples randomly selected from each treatment, using the standard protocol outlined by Madella et al. (2005) . A subsample was taken from the selected specimen before the final soil Si extraction. Samples were thoroughly dried and carefully removed from their containers. The crust samples were fixed to an SEM stub by firmly pressing the stub covered with a carbon tab against the targeted area of the soil crust. Loose soil and large pieces of organic matter were removed. The samples were then sputter-coated with a ?40-nm thin layer of gold. Once this process was complete, the samples were placed in the SEM (Hitachi S-570, High-Technologies Europe) and micrographs were taken at 2000´ magnification. The micrograph images were analyzed in Adobe Photoshop. Each soil particle was measured in pixels to achieve a total area. The observable area of Si am material on each particle was then used to determine the percentage coverage (Lucas et al., 2011) .
Soil Incubation II: Residue and Nitrogen Additions
A second soil incubation trial was conducted to determine effects of crop residues and N fertilizer on soil Si and physical properties. The Ritzville silt loam acquired from the wheat only field in Incubation I (Table 1) was treated with the wheat and canola residue grown with 200 mg N fertilizer kg −1 soil in the greenhouse experiment (Table 2) . Residues were cut into 2-to 5-cm pieces and mixed into 0.8-g 100 g −1 soil. A total of 120 samples amended with wheat residue and 120 samples amended with canola residue were prepared. Sixty soil samples treated with each residue type received either no fertilizer or a surface application of 200 mg N kg −1 soil as (NH 4 ) 3 PO 4 for a total of four treatments: canola residue with no N, canola residue plus N, wheat residue with no N, and wheat residue plus N. Samples were stored and watered with the same procedures as in Incubation I. Destructive samples were collected every 14 d and analyzed for pH, Si ws , Si am , surface strength, crust thickness, and residue Si content (Si r ). During the destructive sampling process, soil and remaining distinguishable residues (Si r ) were separated using a 2-mm sieve.
Soil, Plant, and Residue Analyses
Surface strength was measured by penetrometer resistance (Humboldt Manufacturing Company). Measurements with the penetrometer always occurred at the end of each drying cycle to maintain consistency between measurements. Crust thickness was measured with a caliper. Soil moisture was determined on an oven dry basis after 48 h at 105°C. Soil solution pH was represented by a 1:1 soil/water extract.
Water-soluble silica was determined by shaking 5 g of soil and 25 mL of distilled water in 50-mL polyethylene tubes for 30 min, settling overnight, centrifuging for 10 min at 1500 rpm (480 g), and filtered with Whatman No. 42 filter paper (Gollany et al., 2005) . Amorphous soil silica was extracted by shaking 1 g of soil and 25 mL of 0.5 M Na 2 CO 3 in an 80°C water bath for 10 min (Follett et al., 1965) . After cooling, samples were decanted with the same methods as for Si ws . Both Si ws and Si am solutions were analyzed using the ammonium molybdate colorimetric procedure outlined by van der Vorm (1987) .
For elemental and fiber analysis, quadruplicate residue samples were ground in a Wiley mill (Thomas Scientific) to pass through a 2-mm sieve. Total N and C contents were determined by combustion on the Leco Truspec C/N analyzer (LECO Corporation). Inorganic N and dissolved organic C and N were extracted from 1.5 g of residues shaken with 24.5 mL of deionized water for 30 min at 20°C, followed by filtration of the extractant through a 0.45-mm Millipore filter (Merck KGaA, Darmstadt, Germany). Concentrations of NH 4 + -N and NO 3 − -N were analyzed colorimetrically with a Lachat XYZ Autosampler ASX 500 Series (Hach Company). The dissolved organic C and N concentrations were measured with a Shimadzu TOC-V total organic C analyzer with a total N detector (Shimadzu Corporation). Samples were diluted 50-fold for dissolved organic C analysis and 500-fold for dissolved organic N.
Proximate fiber analysis was conducted using the ANKOM 200 Fiber Analyzer and ANKOM filter bags (ANKOM Technology Corporation). This analysis includes a step-wise series of extractions to determine the fiber content of a plant sample (0.5 g) passed through a 2-mm sieve. The ANKOM protocols were modified from the Van Soest et al. (1991) procedure to isolate the neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) fractions. The first digestion step removes soluble cell contents, such as nonstructural carbohydrates, lipids, pectin, starch, soluble proteins, and nonprotein N. The remaining material is the NDF fraction, which consists mainly of hemicellulose, proteins bound to the cell walls, cellulose, lignin, and recalcitrant materials. The second fraction is the ADF, which primarily consists of cellulose, lignin, and recalcitrant materials. An additional step may be taken to obtain the ADL, or lignin-like recalcitrant materials. The analysis was performed on triplicate samples, and the C and N content of the whole, NDF, ADF, and ADL fractions determined using a sequential termination of the procedure at each step (e.g., NDF, ADF, and ADL) and were corrected for ash content. Calculations were as follows:
Statistical Analyses
Data were analyzed with PROC GLM procedure in SAS 9.3 (SAS Institute, 2011) at a 95% confidence interval using Tukey's method of mean comparison. The greenhouse experiment was analyzed as a two-factor, completely randomized design. Relationships between parameters were analyzed by the PROC REG procedure. The soil parameters from Incubation I were analyzed individually using a three-factor completely randomized design. The three factors considered were cropping history, SiO 2 rate, and time. A completely randomized design and three factors were used in the statistical analyses of Incubation II: crop type, N treatment, and time. Relationships between soil parameters for both incubations were analyzed by the PROC REG procedure.
Results
Plant Biomass and Water Consumption
Grain, shoot residue, and root yields of both crops all linearly increased with increased N supply (Fig. 1a-1c) , and these increases were accompanied by linear increases in total water use (Fig. 1i) . Nitrogen-induced increases in water use rates were most evident between the seedling and flowering stages of both crops, and water use rates then leveled off during grain filling of both crops (Supplemental Fig. S1 ; Beard, 2013) . Although wheat grain yield was more responsive to applied N than canola, canola residue production was more responsive than wheat (Fig. 1a and 1b) . Wheat shoot residue biomass increased from an average of 4.2 to 7.5 g plant −1 with increasing N, whereas canola residue increased from 4.1 to 9.9 g plant −1 (Fig. 1b) . In contrast, the crops did not differ in root biomass yield, but root masses of both crops increased with N supply (Table 3) .
Plant Silicon and Fiber Composition
Silica concentrations in wheat shoot residues were 5.7 to 10 times greater than in canola for each fertilizer rate, averaging 9.1 mg Si g −1 wheat shoot residue versus 1.2 mg Si g −1 canola shoot residue, accounting for proportionately higher total shoot Si r accumulation in wheat compared with canola (Fig. 1h) . Shoot Si r concentrations decreased with increased N supply, causing no significant increase in total shoot Si r content in canola and modest increases in wheat, due to greater residue mass production. Total root Si accumulation was less than shoot Si in both crops, but it was not significantly different between crops, whereas root Si increased with N level in both crops (Table 3) . Nitrogen fertilization increased fiber and nonfiber component production, primarily due to increased crop residue biomass production of both crops (Fig. 1) . Although some component fractions of the biomass differed by crop, N supply did not have a significant, consistent effect on fiber composition (data not shown). Averaged across all N rates, the digestible biomass concentration of the shoot residues was >1.5-fold higher in canola (36 g 100 g −1 ) than wheat (24 g 100 g −1 ), whereas hemicellulose concentrations were higher in wheat than canola (28 and 13 g 100 g −1 , respectively). Cellulose was 38 g 100 g −1 for wheat and 39 g 100 g −1 for canola, whereas lignin was 10 g 100 g −1 for wheat and 12 g 100 g −1 for canola. The overall C/N ratio was similar between crops, averaging 94:1 for wheat and 98:1 for canola.
The distribution of residue C and N in the water-soluble, digestible, hemicellulose, cellulose, and lignin components varied with crop species grown with high N fertilization ( Table 2) . Although canola and wheat had similar proportions of water-soluble C and C associated with cellulose, wheat had a higher proportion of C associated with hemicellulose and less C associated with lignin. For both crops, most of the residue N was associated with the digestible components and hemicellulose. Canola had the highest proportion of N associated with digestible and water-soluble components, whereas the hemicellulose fraction of wheat was more in enriched in N than canola. However, canola also had the highest proportion of N recovered in the most resistant fraction of ligninlike materials than wheat. Similar proportions of inorganic N were recovered in wheat and canola residue.
Soil Incubations with Varying Cropping History, Silicon, and Crop Residue Additions
When comparing the two crop histories, the soil under wheat-barley rotation showed significantly higher surface resistance, Si am , Si ws , and water loss than the wheat-canola rotation (Table 4 ). Silica addition rate had a significant effect on all parameters measured. The treatment with a crop history of wheat and the 2.0-g SiO 2 kg −1 soil addition rate had the highest average surface strength, crust thickness, and Si am . Sampling day was statistically significant for all parameters measured; however, no consistent increase in values from Day 1 to Day 28 was seen (Beard, 2013) . Therefore, the significance with time is thought to be sampling variability.
The SEM micrographs showed visual differences among treatments, as the amount of amorphous material, assumed to be SiO 2 (amorphous) on the soil particles increased with increasing Si additions (Fig. 2) , with visually similar amorphous structures to those observed by Lucas et al. (2011) with Si additions to sand. The amount of amorphous surface coverage was quantified by visual analysis, and significantly higher surface coverage was found at the highest SiO 2 addition (Table 4) .
In Incubation II, the application of N caused the soil pH to drop from 5.5 to 4.5 (Table 5 ). The effect of N application was rapid, and pH levels varied slightly within treatments throughout the experiment (Beard, 2013) . The addition of N had the most significant effect on surface resistance, crust thickness, and Si ws (Table 5 ). In addition to the differences observed between N treatments, time also showed significance for all parameters. Surface resistance did not have a distinct pattern over time and only slightly varied within treatments. Crust thickness steadily increased over the course of the incubation for all treatments, whereas Si am peaked between Days 56 and 70 (Supplemental Fig. S2 ; Beard, 2013) . The Si ws results had a similar pattern to Si am over time. The Si concentration of the recovered residue (Si r ) was the only parameter that was affected by all three factors: crop, N, and time. On average, wheat had significantly more Si r than canola at each N treatment, whereas the addition of N decreased the Si r for each crop. The soil amended with wheat residue and no N consistently had the highest surface resistance, crust thickness, Si ws , Si am , and Si r (Table 5) . Over time and treatments, the Si am levels were weakly (r 2 = 0.16) but significantly (p < 0.0001) correlated with soil surface resistance (Table 5 ; Supplemental Fig. S3 ; Beard, 2013) .
Discussion
Nitrogen Effects on Biomass, Water Use, Plant Fiber and Silicon Accumulation, and Partitioning
The greater grain production in response to applied N by wheat compared with canola is consistent with comparative field studies (Hocking and Stapper, 2001; Angadi et al., 2008; Brennan and Bolland, 2009 ). The lower ratio of grain to shoot residue produced by canola relative to wheat was also consistent with a recent global field data analysis of harvest indices (Fan et al., 2017) ; however, differences in root biomass were not observed between canola and wheat. Under semiarid Canadian field conditions, rooting depths of both crops were comparable (Cutforth et al., 2013) , where grain-based water use efficiency of canola was lower than that of wheat (Angadi et al., 2008) , as observed in this study. These similarities in differential growth habits and water use of canola and wheat under controlled conditions provide an opportunity to speculate as to the potential impacts of introducing canola residues with different plant composition on soil characteristics of wheat-cropping systems.
Although there have been reports of fertilizer effects on switchgrass fiber content for biofuel or forage end uses (Lemus et al., 2008; Guretzky et al., 2011) , herein are comparative findings on fertilization effects on elemental and fiber composition in canola and wheat for crop residue recycling impacts on soil properties. Although overall C/N ratios of wheat and canola were similar, the partitioning of C and N within the various fiber components varied, within the ranges provided by previous research (Brown and Pitman, 1991; Hadas et al., 2004) . We found that residue quality differed between the two crops despite having similar overall C/N ratios. Structural composition of crop residues can correlate with decomposition rates and affect nutrient cycling (Trinsoutrot et al., 2000; Goh and Tutuna 2004; Baggie et al., 2005; Van Soest, 2006; Wu et al., 2011) , and differences in fiber component between canola and wheat may lead to differences in their decomposability. However, both crop residues contained components associated with both rapid and slow decomposition. Wheat residue had a higher proportion of hemicellulose rich in N and a lesser proportion of C and N associated with lignin. A high hemicellulose content has been linked to rapid decomposition, whereas high lignin, high C/N, and low total N are associated with slower decomposition (Van Soest, 2006; Stubbs et al., 2009) . It is interesting to note that although ADL fraction is associated with low decomposition rates, its C/N ratio is quite low (Table 2) .
Wheat also contained 5.7 to 10 times more Si, which is aligned with the general understanding that Graminae species, such as wheat, are known Si accumulators (van der Vorm 1987; Mayland et al., 1991; Hodson et al., 2005) . Silica can slow decomposition (Cornelissen, and Thompson, 1997) , since the presence of phytoliths may physically hinder fungal hyphae (Schaller and Struyf, 
2013
; Schaller et al., 2014) and increase resistance to decomposition (Richmond and Sussman, 2003) . Canola residue, too, is composed of both labile and recalcitrant pools of C and N, thus potentially presenting dichotomous effects on short-term decomposition along with longer term soil organic matter buildup. Canola residue had greater proportion of soluble C and N, but also more lignin that sequestered proportionately more C and N than wheat (Table  2) . Lignin is known to be an important structural component of canola (Soon and Arshad, 2002; Hadas et al., 2004; Malhi and Lemke, 2007) . However, the higher proportion of soluble, digestible components of canola residues (Table 2) may explain field observations by growers and scientists of faster canola residue decomposition compared with wheat after grain harvest (Sharratt and Schillinger, 2014) , with further claims that soil after canola production is more friable and workable.
Silica and Cropping History Effects on Soil Physical Properties
In Incubation I, the highest Si additions increased Si am in both soils, and the soil from the continuous wheat rotation had a higher baseline Si am than the wheat-canola rotation. On average, this pattern of higher Si am levels in the soil from the wheat rotation occurred throughout the experiment. The positive relationship between Si am and surface resistance with SiO 2 additions (Supplemental Fig. S3 ; Beard, 2013) suggests that Si am may be a factor in promoting soil crusting. This is further supported by the additional correlation between Si am and crust thickness. These findings strengthen the hypothesis that SiO 2 additions to surface soils, perhaps with the production of high Si wheat residues in continuous wheat rotations, can affect the soil crusting potential. Both crop history and SiO 2 addition rate significantly affected water loss throughout the experiment, with the soil from the wheat rotation exhibiting a higher rate of water loss than the canola rotation. Furthermore, the SiO 2 additions caused significantly higher water loss than the controls. This may have occurred due to Si am filling pores over rotational cycles and increasing the capillarity of water to the surface compared with the control. In areas where water is scarce, this may be another factor to consider when selecting crops for a rotation. Evaporative losses contribute to overall poor water use efficiency in semiarid wheat production (Schillinger et al., 2010) , so reducing high Si recycling to the soil surface may help address this problem. Silica cycling in the soil-plant continuum is complex and deserves more attention in evolving cropping systems (Tubaña and Heckman, 2015) .
Residue Type and Nitrogen Effects on Silicon Fractions and Soil Physical Characteristics
In Incubation II, the wheat residue treatments were expected to have higher soil Si ws , Si am , surface strength, and crust thickness compared with canola due to the higher amount of Si present in wheat, assuming decomposition of the two residues would occur over 140 d. However, contrary to our hypothesis, the N treatments had a more significant effect than crop type (Table 5) . In this experiment, both surface strength and crust thickness increased with higher pH. These results imply that soil acidification through application of N fertilizers could cause recycled surface Si to become more soluble, possibly decreasing the soil crusting potential. Early soil silica equilibration studies showed that increasing soil pH decreased the amount of soluble silica and presumably increased Si am (McKeague and Cline, 1963) . Higher pH values could lead to more Si ws being adsorbed to the soil particles within the upper few millimeters of the soil. Higher adsorption is likely to lead to polymerization and precipitation of Si am , which might account for the increased clay coatings observed in the SEM images (Fig. 2) .
Wheat residues in the soil started with and maintained higher Si r than canola throughout the incubation (Beard, 2013) . The consistency of the Si r concentrations through Day 70 followed by increases in Si r up to 140 d suggest that some Si r was bound to resistant fractions of incubating residue. The dissolution of crop Si r depends on the degree of exposure of the phytoliths. Decomposition of the straw will eventually expose more phytoliths to dissolution in the soil solution; however, the presence of Si in the plant matrix appears to increase resistance to decomposition (Richmond and Sussman, 2003) . Soil Si ws and Si am were also not substantially affected by residue type throughout the 140 d incubation, further suggesting that substantial fraction of the Si r was not readily released during early decomposition. Lignin-Si chemical bonding has been demonstrated in industrial applications (Xiong et al., 2015) , which may be a mechanism delaying the release of Si from the wheat residue. This persistent Si r may partly be responsible for the lack of immediate effects of crop residue type on soil Si am , Si ws , and physical properties. The equilibrium among soluble Si with potentially polymerized (Wilhelm and Kind, 2015) or amorphous Si forms as well as other soil chemical and biochemical constituents affected by crop type, N fertilization, and soil pH deserve more attention.
Conclusions
Although the previously cited literature on the relationships between Si and soil physical properties has focused on the effects of illuvial Si on the soil strength of clayey subsoils, the present studies suggest a possible role of Si recycling to the soil surface with the return of high-Si residues in semiarid wheat systems. Any Si recycling effects on surficial soil properties will likely be influenced by the quality and rate of decomposition of residues added back to the soil surface, and the input of acidifying N fertilizers. Agronomic management decisions affecting crop rotation history and soil Si chemistry may also influence soil crusting. The introduction of low-Si-accumulating crops such as canola or other dicots may eventually assist in decreasing the severity or occurrence of soil crusting. Although the addition of residues with contrasting fiber quality did not affect short-term Si cycling and surface crusting, soil from a wheat-based rotation had higher Si am , Si ws , and surface resistance. With decreasing pH due to N fertilizers, soil Si am , Si ws , surface strength, and crust thickness decreased. Future field experiments are needed to confirm whether these dichotomous relationships are occurring in established and new cropping systems. As we move toward more sustainable and diversified cropping systems that produce more diverse food sources with added health benefits such as healthy oils from canola (Hammac et al., 2017) , the impacts of diversified cropping systems and continued fertilizerinduced soil acidification on soil-plant Si chemical cycling and physical properties should be further examined.
Supplemental Material
Supplemental Fig. S1 . Water consumption rates of greenhouse-grown wheat and canola between planting and maturity for control, low N, medium N, and high N treatments.
Supplemental Fig. S2 . Incubation II: amorphous soil Si (Siam) over time for each treatment: CF = canola residue + fertilizer, C = canola residue only, WF = wheat residue + fertilizer, W = wheat residue only. The MSD line displays the minimum significant difference between sampling periods.
Supplemental Fig. S3 . Incubation II: Linear regression relationship between amorphous Si (Siam) and surface soil resistance.
